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Abstract 
The Dublin Basin (DB) is a Carboniferous sedimentary basin located in the eastern part of Ireland, SW of Dublin. Its deep geothermal potential 
is strictly related to the SW basin-bounding Blackrock-Newcastle Fault (BNF) system which has been recently drilled with two relatively deep 
(1.4 km) boreholes. In the framework of the SIM-CRUST project, five broadband seismic stations have been deployed in the same area 
between July and August 2013, with an inter-station distance of about 1km. This passive seismological experiment will test the possibility of 
retrieving the seismic stratigraphy of the shallow crust (0-10 km depth range) by means of the teleseismic Receiver Function (RF) method 
extended to high frequencies. The preliminary results obtained with the first 6 months of data show the presence of a high lateral variability of 
the seismic layering along the length of the array and the presence of a low S-velocity layer between 3 and 4 km depth. Future work will be 
aimed to define the geometry of the BNF and to locate possible anisotropic zones at depth. 
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1. Introduction 
Passive seismic experiments make use of natural seismicity as sources to explore the subsurface elastic properties. Recent 
works [1,2] have shown how a classical seismology tool as the teleseismic receiver function (RF) method can be adapted, with 
little modifications, to shallow crustal studies (first 0-10 km of the crust). Distant earthquakes can be used to evaluate seismic 
velocity at depth, and to constrain the presence of seismic anisotropy, which relates to both fluids and cracks in the rock matrix.  
In the context of geothermal exploration, these kind of studies can provide complementary information to other geophysical 
and geological observables (as active seismic profiles, borehole logs, magneto-telluric surveys, surface geology) to better 
constrain the stratigraphy, geometry of the faults and associated presence of fluids at depth.  
In this work we present some of the preliminary results from the application of the RF method to the first six months of data 
from a recently deployed, dense (interstation distance of about 1km) seismic line in the Dublin Basin (DB), SW of Dublin, 
Ireland, which has been indicated as a potential geothermal site by previous geophysical surveys. This will provide additional 
information on the geometry of the main fault bounding the basin, the possibly associated presence of fluids and the 
quantification of the sediment thickness along the length of the array. 
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1.1. The Dublin Basin: seismic network and geological background 
In the framework of the SIM-CRUST project, an array of 5 broadband seismic stations has been deployed in the Dublin Basin 
(DB), a Carboniferous sedimentary basin located SW of Dublin in Ireland (Fig.1). The seismic stations are equipped with Guralp 
CMG-6TD instruments and operated in continuous recording with 100 samples per seconds. Seismic sites have been selected 
with a trade-off between background seismic noise and interstation distance. Such configuration allows to obtain clear 
waveforms for Mw>5.5 events occurring worldwide. 
In the last years, the SW margin of the basin and in particular the area close to the Blackrock-Newcastle Fault (BNF) has been 
the object of interest for geothermal exploration, which led to the acquisition of two reflection seismic lines and the drilling of 
two ~ 1.4 km deep boreholes, from which a temperature of 130 °C at ~4 km depth has been estimated. The geothermal potential 
of the DB is associated with the intense fractured rocks along the SW margin and with the presence of fluids, observed by the 
geophysical survey conducted by GTEnergy at a depth of about 1.2 km. This high secondary porosity zone is overlain by a less 
porous sequence of sediments which would trap the heat at depth. This promising structural setting for geothermal exploitation 
has been correlated with one of the shear dilatation zones described in [3], that are thought to be present along the SW margin of 
the DB, in the lower part of the Carboniferous succession. However, most of the area is still unexplored and the deeper 
geological relationship between the BNF, the sedimentary succession and the Lower Palaeozoic basement are mostly unknown. 
Even the depth to the basement is poorly constrained as none of the boreholes drilled so far have encountered it, which is hence 
located at a depth greater than 1.4 km in this area. 
2. High-frequency receiver functions 
The teleseismic Receiver Function (RF) technique has proven to be an effective tool in imaging Earth's structure from the 
crust to the upper mantle. A P-wave generated by a teleseismic earthquake is converted into an S-wave as it travels through 
different velocity contrasts in the path between the source and a seismic station located at the surface. The signal generated by 
each of these conversions is contained in the P-wave coda recorded by the sensor and usually confined in the first seconds after 
the direct P arrival. Removing the source and path effect by deconvolving the vertical component from the horizontal ones of the 
observed seismograms, allows to isolate these conversions into two time series named the Radial (R) and the Transverse (T) RF 
[4,5]. The delay time of each conversion is a function of the depth of the interface that generates it, while the amplitude is 
proportional to the size of the velocity contrast at depth. 
In a perfectly isotropic medium all the conversions due to impedance contrasts at depth are observed in the RRF while no 
energy should be present on the TRF. The presence of anisotropy or dipping interfaces in the subsurface causes the energy to 
rotate out of the plane of the incoming wavefield and gives a contribution to the TRF with known pattern of variations as a 
function of the backazimuth [6,7]. To highlight these effects a good azimuthal distribution of events is required and, depending 
on the signal-to-noise ratio (S/N) and the quality of the site, this is achieved in at least one year of continuous recording period. 
Recently, it has been shown [1] that just by increasing the frequency content in the observed RF one can easily increase the 
resolving power of the RF data-set up to some hundreds of meters, allowing for the imaging of seismic discontinuities in the 
shallow crust (first 0-10 km), and other studies have successfully compared RFs with borehole litho-stratigraphy [2]. 
3. Data and preliminary results 
Starting in July 2013, 5 broadband seismic stations equipped with a Guralp 6TD have been deployed along the south-western 
margin of the basin where the BNF trends WNW and is intensively displaced by other minor splay faults. During April 2014 the 
linear geometry of the array has been further extended toward SW by adding one more station of the same type.  
Hence, the final configuration of the array crosses the BNF almost perpendicular and, relying on an interstation distance of 
about 1 km, will allow a high resolution imaging of the transition between the SW margin to the inner portion of the sedimentary 
basin. The array will operate until January/February 2015, providing teleseismic data with a fairly good azimuthal coverage. 
In this paper we discuss the preliminary results obtained with the first 6 months of data which represents an incomplete data-
set for more sophisticated RFs analysis.  
We selected teleseismic events with magnitude >5.5 and epicentral distances between 30° and 100° from a list of events 
which occurred between July 2013 and January 2014 and performed a visual inspection of the waveforms. Only those with a 
clear P arrival and good S/N were retained. Then, we computed the RFs with the frequency domain deconvolution method 
proposed by [8], manually selecting only those with small ringing and low amplitude in the acausal portion of the trace.  
The final azimuthal distribution of events for which RFs have been calculated and then selected is shown in Fig. 2 for station 
DB03 which is the one so far with the longest recording period and highest S/N. In order to increase the azimuthal coverage we 
also included a number of events coming from greater epicentral distances. In these cases the exact same kind of analysis is 
performed over a different seismic phase (PKP).  
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Fig. 1. Location of the seismic stations deployed in the Dublin Basin and geology map of the area (left). Four stations belonging to University College Dublin are 
recording since August 2013 and each of them is equipped with a broadband Guralp CMG-6TD sensor. The array is located on the south-western margin of the 
Dublin Basin defined by the Blackrock-Newcastle fault system and has been designed to cross it almost perpendicularly. 
 
Fig. 2. Azimuthal equidistant projection centered at station DB03, showing an example of the teleseismic earthquakes and RFs data-sets selection. Events from 
30° to 100° of epicentral distance have been visualized for the corresponding recording period. Red circles are the events selected after a visual inspection for 
which RFs were computed. Yellow circles represent the final set of high S/N RFs, used for further analysis. Size is proportional to earthquake magnitude. More 
distant earthquakes have been included as well to fill some gaps in backazimuthal directions.  
A different data-set for different values of the cut-off frequency is computed, progressively increasing the frequency content 
in the calculated RFs, starting from ~0.5 up to ~8 Hz.  
Stacking the observed RFs is a common procedure to increase the S/N by enhancing coherent arrivals and ruling out the effect 
of noise. In Fig. 3 we plot the RRF and TRF stacks for two different sets of backazimuth (0-180° and 180-360°) for stations 
DB01 and DB02, which are the closest to the BNF system. For both stations we observe a flip in polarity at 0s on the TRF 
between the two backazimuth (BAZ) sectors, indicative of a shallow dipping discontinuity [7]. DB02 presents a negative pulse in 
the 180-360° BAZ range and a positive in the 0-180° BAZ sector, while for DB01 we observe an opposite behavior. Other 
differences in waveform shape exist also in the first 1.5 s of the RRF stacks among the two BAZ sectors suggesting a complex 
setting in the first 10 km of the crust.  
In Fig. 4 we compare the RRFs stacks for all the stations at different cut off frequencies. Increasing the frequency content in 
the RF highlights the presence of signals in the first second after the direct P arrival. For stations DB01, DB02 and DB03 a 
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negative pulse at about 0.3-0.5 s begins to be visible at ~4 Hz while for station DB04 this is not the case. This is interesting 
because it is directly related to the position of the station with respect to the BNF (Fig. 1). Also, between 0.6 and 1 s a positive 
pulse is observed at all the stations with an increasing delay time moving away from the BNF. Stations DB03 and DB04 (the two 
stations inside the basin) show a series of positive and negative pulses between 1 and 3 s which are not present in DB01 and 
DB02. These pulses are of ambiguous interpretation at this stage of the study, possibly representing true interfaces or multiples 
from the basin basement. Finally the conversion at the Moho results in a clear positive pulse at 3.5-3.7 s for DB03 and DB04 at 
all frequencies while is somehow attenuated at DB01 and DB02. 
 
 
Fig. 3. Stacks of the radial and transverse RFs for two different backazimuthal sectors for stations DB01 [a) and b)] and DB02 [c) and d)]. RFs inside the 
backazimuth range 0-180° and 180-360° are stacked together to enhance the coherent pulses inside each BAZ sector.  
 
 
Fig. 4. Stacks of the RRFs at each station. The RRFs are computed and stacked for 4 different progressively increasing cut off frequencies. The number of RFs 
used in each stack is indicated over the trace. Each arrow marks the onset of a particular pulse at the corresponding frequency. The presence of signal in the first 
second after the direct P-wave arrival is revealed at frequencies greater than 4 Hz. 
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As mentioned before, the isotropic response of the subsurface is intrinsically contained in the RRFs, which can be stacked and 
inverted for Vs to reconstruct the seismic structure under each receiver. RF inversion is a strongly non-unique inverse problem 
[9]. In this project we will make use of a Bayesian approach to quantify this non-uniqueness. 
4. RF inversion 
In this study we perform a probabilistic inversion of the stacked RRFs, by means of a transdimensional reversible jump 
Markov Chain Monte Carlo (rjMCMC) algorithm [10]. We invert for Vs, Vp/Vs, depth of interfaces as well as for the number of 
layer itself (k) and the level of noise in the data (sigma). The prior information has been set as Gaussian (for Vs and Vp/Vs) and 
uniform (for k and sigma) probability distribution with loose constraints to limit the influence of the user, usually implemented 
with smoothing or tight constraints on the parameters in the classic linearized inversions. In the rjMCMC, a random walk in the 
model space is performed and, at each iteration, the current model is perturbed and a new candidate is proposed. With sufficient 
long runs the random sampling converges to the posterior probability distribution (PPD) of the model parameters and the result is 
also used to quantify the non-uniqueness of the problem.  
We tested this method on station DB03 that shows the most complete RF data-set so far. We used the RRFs stacks at different 
frequencies showed in Fig. 4 and ran the inversion over 95 independent chains each of them sampling 2*10^5 models and 
discarding the first 5*10^4 models in the burn-in phase. The final ensemble is then made up of about 14 millions of models 
which constitute the result of the inversion.  
The results for station DB03 are shown in Fig. 5 for the first 10 km of the crust. The first two panels a) and b) represent the 
PDLQRXWSXWRIWKHLQYHUVLRQEHLQJWKH33'VRI9VDQGWKHGHSWKRIWKHLQWHUIDFHV7KHIXOO33'IRU9VLVSORWWHGZLWKWKHı 
confidence interval marked by the two dotted black lines. Different statistics can be chosen to interpret the result of the inversion 
such as the mean, median, mode or the best fit model at each depth. We choose to use the mean model as representative of the 
results, however the shape of the PPD must be considered as well in the interpretation step because for example, bimodal 
distributions of Vs at depth are not uncommon (see for example between 6.5 and 7 km depth) and the mean value in these cases 
will not be representative of the PPD resulting in a smooth transition where instead the velocity jump is a sharp feature. In the 
first 10 km under DB03, 7 interfaces have been retrieved corresponding to velocity jumps at ~ 0.7, 2, 3, 4.5, 5.6, 6.5 and 8.5 km 
depth (yellow arrows in Fig. 5b). The fit of the observed data is generally fairly good (Fig. 5c) although some minor 
discrepancies occur around the direct P-wave arrival. 
The velocity structure beneath DB03 can be roughly divided in five parts. The first 700 m are characterized by low Vs (~2.5 
km/s), then a sudden increase in velocity up to 3.5 km/s is observed with little variations up to 3.2 km depth. Here a decrease in 
Vs is retrieved with values reaching 3 km/s. This low velocity layer is confined between interfaces 3 and 4 from ~3.2 to ~4.5 km 
depth where Vs increases again up to 3.8 km/s. Another small velocity inversion is located at 6.5 km depth where Vs reaches 3.5 
km/s down to 10 km.  
 
 
Fig. 5. Results from a Reversible Jump Markov Chain Monte Carlo (RjMCMC) inversion for the first 10 km under station DB03. a) Posterior distribution of Vs 
as a function of depth with a red line marking the mean value and two black dotted lines, the 95% confidence interval. The prior distribution on Vs is set as a 
broad gaussian that can vary at each depth according to available prior constraints. In this case, the first 500m have been assumed as fast as 3.9 km/s. b) Posterior 
distribution of the position of the interfaces at depth. The prior uniform distribution is drawn with a dotted red line. Maxima in this histogram indicate an higher 
probability of having an interface at that depth and are drawn as yellow arrows. c) Plot of observed radial stacked receiver function (black) used as input data 
against the posterior mean of syntethics (red) at different frequencies. Red dotted lines represent the 2sigma confidence interval. 
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5. Conclusion 
An array of 5 temporary broadband seismic stations has been deployed in the DB in July 2013 and will operate until January 
2015. This recording period, together with the closed spacing of the array will allow for a high resolution (frequency) teleseismic 
RFs study aimed to determine the structural setting of the basin, defining the geometry of the BNF and possibly assessing the 
presence of anisotropy in the first 5-8 km of the crust. Although only preliminary results have been presented, the possibility of 
retrieving the seismic structure in the shallow crust with high resolution is investigated and our findings are encouraging. 
The presence of structures in the uppermost portion of the crust under each station has been revealed by increasing the 
frequency content in the observed RFs. Comparing the RRFs stacks along the length of the array has shown the high lateral 
variability of such structures, with increasing of layering complexity moving towards the inner portion of the basin. The 
observed azimuthally varying energy around the direct P arrival on the TRFs at DB01 and DB02 can instead be related to the 
complex settings of the BNF system. 
A low velocity layer between ~3 and 4 km under DB03 has been revealed by an isotropic transdimensional rjMCMC 
inversion. This can be associated with the presence of intense fracturing or fluids at depth, potentially interesting for geothermal 
exploration. However this interpretation is speculative with the amount of data acquired so far. With a larger amount of data, 
more robust constraints will be given in the future, and other issues will be investigated. First, a more rigorous quantification of 
the level of noise in the high frequency RFs has to be addressed, secondly, the discrimination between the primary or multiples 
nature of the observed pulses is required for a correct interpretation of the results. Moreover, increasing the azimuthal coverage 
will allow the harmonic decomposition of the RFs data-set [11] and the separation of the effects due to isotropic and anisotropic 
features. All these results will be integrated with the available geological and geophysical information in the area such as active 
seismic profiles, borehole logs and magneto-telluric modeling carried out by the IRETHERM working group. 
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